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The Space Weather 

Conundrum
(Focussing only on the Outer Belts)



NASA report, 1994



Radiation-caused S/C anomalies
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Internal Discharge 1/1994



Other Failure modes



BBC News 6/5/2000

• Space satellites are to get black box 
recorders which store the details of the 
moments leading up to disasters. The 
project is driven by the massive losses 
in the space insurance industry. 
Companies lost $850m in 1998, after 
paying out $1.9bn in claims. …The 
project's leader. Dr Andrew Coates, 
told BBC News Online that the device 
would measure the flow of the high 
energy particles flying through space. 

• Galaxy 4  Failed May 1998 Blanked 
out 90% of US pagers ~$160m

• Telstar 401  Failed January 1997TV 
stations go off-air ~$200m



ESA report,  Daly 2002

















Bad years are getting worse… 







A Military Analogy: 

Why can’t we build 

them tough enough?

MILSTAR           
Lockheed Martin        
Solar 8kW
5 Ton in GEO                           
Low data rate 2,400 bps 
(Sats 1-3: 1994-1999)          
Medium data rate 4.8kbps 
(Sats 4-6 2001-2003)
Titan IVB/Centaur
6 x $800 million each



2005 Sten Odenwald’s Space 

Weather site: Factoids

The global satellite industry is worth $104.6 billion in 2004.

There were 37 satellites launched into space in 2004. 

The most expensive unmanned satellite is the HST at $2.5bn

In 2004 eight satellites burned-up in the atmosphere 

The longest living satellite is the 28yr old ATS-3 still in 
service in 2000

The most massive satellite launched: Compton Gamma Ray 
Observatory (15,713 kg)

The most power-hungry satellite is NSS-8 requiring 14kW 

In 2005, 3,102 TV programs were broadcast by satellites

There are 500,000 VSAT satellite internet users worldwide.]

There are a total of 367 GEO sats operating in space in 2004.

Military sats can see details on Earth's only 10cm across.



Sten’s Preparedness Index: Fair

• A Few Troubling Facts:

• ...$4 billion in satellite losses can be 

traced to space weather damage.

...The 1989 major space storm caused an 

electrical blackout in Quebec.

...You have already been affected by solar 

storms and do not know it. 

...Solar flares have cost the airline 

industry millions of dollars

... Satellite operators stay mum after 1998.



The Outer Van Allen 

Radiation Belt
Just the electrons, Ma’am, nothing 

but the electrons.



Inner and Outer Van Allen Belts



McIlwain, 1966



ORBE (McIlwain 1966)



McIlwain 1966





1996

Dst

MeV electrons



Dst correlated & anti-correlated 

with ORBE



Yohkoh SXT, Dec 10, 1995 -Apr 15, 1996



1996



1996



Jan 10-11, 1997

Telstar 401 dies, costs AT&T $12M 

after insurance.



January 10, 1997 -- WIND



JAN 10, 1997 (HIST 300-7000 keV e-)



POLAR/HIST 3.5 MeV Electrons

3.5 MeV e-

Jan 9

Jan 10



E>3 MeV Electrons, GOES 8+9



Empirical Prediction 

(trying to predict the DOW)

• McIlwain 1966: Geo MeV e increases

• Paulikas & Blake 1979: Vsw best external predictor

• Nagai 1988: Kp best internal predictor

• Baker 90 LPF, Koons&Gorney 90 NN

• Li &  03: Ext BC+internal diffusion� predictor

• Dmitriev03 Log-Lin,Ukhorskiy04 NonLinear, 

Ballatore 04 breakpoint at V=550km/s

• Problem: they don’t work on the big extreme events 

(Koons 04). Why? More physics needed.



Sun-Earth Transducers

• Proton pressure � Bow shock, hot plasma (100eV 

electron, 1 kev/nuc ion), thermalized ram energy 

“Frictional” or “viscous” (ρV5/2)

• Impulsive � SSC, shock acceleration, Fermi, 

radial diffusion, Kp, “mechanical” (ρV2)

• Fields � Polar cap potential, convection, ring 

current, Dst, AE, “electrical” (V*Bz) [ICME]

• What transducer is Sun� ORBE? Vsw! Poor 

correlation with all of the above (they add noise)!



Living With A Star 

RBSP Mission Objectives



LWS plan



Sept., 

2002 

GMDT 

Report



GMDT conclusions
Priority 1:

1.1: Differentiate among competing 
processes affecting the 
acceleration and

Priority 2:

1.2a: Differentiate among competing 
processes affecting precipitation 
and loss of outer radiation belt 
electrons.

1.2b: Understand the creation and 
decay of new electron radiation 
belts.

1.2c: Develop and validate physics-
based data assimilation and 
specification models of outer 
radiation belt electrons.

Priority 3:

1.3a: Understand the role of "seed" 
or source populations for 
relativistic electron events.

1.3b: Quantify the relative 
contribution of adiabatic and
nonadiabatic processes on 
energetic electrons.

1.3c: Understand the effects of the 
ring current and other storm 
phenomena on radiation belt 
electrons and ions.



GMDT Mission Description



ORBITALS 2004 Conference

1) Diffusion from outside

2) Diffusion & Loss

3) Internal acceleration



BEFORE

DURING

AFTER





Expected Pitchangle Variations

EXTERNAL TRANSPORT

INTERNAL ACCELERATION



The 

VLF�ULF 

Theory of 

MeV electron 

production



Taylor et al, 2004



What’s Needed (Reeves04)

• Near-equatorial Phase Space Density
– measurements

– pitch angle resolved particle fluxes

– local magnetic field measurements

– global magnetic field model

• Multi-point measurements with
– simultaneous measurements at different ∆L

– simultaneous measurements at different ∆MLT

• Ancillary measurements of particles and fields



A Brief Introduction to Cusp 

MeV electron theory

The next 12 slides were skipped in 

the original talk.



Sheldon et al.,  
GRL 1998

POLAR/ 
CAMMICE 
data

1 MeV 
electron 

PSD in outer 
cusp



Cusp Diamagnetic Cavities
a.k.a Magnetic Bubbles



CEP (Ions)



Cusp Theory of External Source



Cusp Equator

B-field 
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H+ Trapping in T96 Cusp

Hi E cutoff
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Hi E cutoff

Numerical 
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Red= None

Green=Quasi-

Blue= Yes

e- Trapping in T96 Cusp



Cusp Provisional Invariant 

Limits
• Energy Limits (1st invariant at 100nT)

– Minimum energy, Emin, is defined by cusp “separatrix” 

energy (ExB = ∇B) ~ 30 keV in the dipole?

– Max energy, Emax, defined by rigidity.~ 4 MeV e-

(20keV H+)

– Consequently, no protons are expected to be trapped.

• Pitchangles locally 40-90o, (2nd invariant)

• Low C-shells are empty below 1 Re for all energy, 

with a high-Cshell cutoff ~6 inversely dependent on 

Energy. 1 < C <~6 Re



Mapping Cusp to Dipole

• Conserving the 1st invariant, and pitchangle scatter 

the particles into the cusp-loss cone (<40o), then the 

particles can appear in the dipole trap, or radiation 

belts. What would their distribution look like?

– Energy limits to the rad belts, give ~ 0-100 keV for 

protons, and 1-15 MeV for electrons.

– C-shell limits to the dipole give ~5<L<∞?� very close 

to the PSD “bump”.

– Mapping pitchangles � 50o < α < 90o at dipole eq?

• Cusp particles look like ORBE injections.



Model
1. Fast solar wind is trapped in the cusp

– 27 day recurrence, non-linear with Vsw

2. High Alfvenic turbulence of fast SW heats the trap

– Low Q-value, �compressional, BEN

3. 2nd Order “Fermi” accelerates electrons

– Low energy appear first, then high w/rigidity cutoff.

4. Trap empties into rad belts simultaneous L=4-10 

– “gentle”  evaporation, or “rapid” topology change 

– Initially “butterfly” around 70-deg equatorial



1. Non-Linear Vsw Dependence

E

F
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Vsw

seed trap seed trap

The Reason that Vsw interacts non-linearly is that it 

does several things at once. It heats the seed population,

while also making the trap deeper.



Proposed RBSP instrument



 

ISCI 

HEA 

ESMI 



Pinhole Camera w/ multiple 

Pinholes



CONCLUSIONS

• The Outer Radiation Belt Electron 
conundrum will be solved by making new 
science measurements of high resolution 
energy, pitchangle, space and time

• This will enable ~24-48hr advance warning 
of MeV events.

• When combined with Solar warnings, this 
may become a week advance notice   



Kolmogorov, Arnol’d, Moser 
(applied to Jupiter perturbation of 

Earth)………
Earth orbit as 

Perturbed by

Jupiter.

Earth orbit if 

Jupiter were 

50k Earth 

masses.

Poincaré slice

x vs. vX taken

along the E-J

line.


